Ziel: Ziel der Studie ist die Evaluation des diagnostischen Potenzials von Szintigrafie und Elastografie zur Detektion von Gewebsveränderungen in Schilddrüsenknoten nach Mikrowellenablation. Material und Methoden: Fünffunddreißig Patienten mit 39 Schilddrüsenknoten wurden mit Mikrowellenablation unter Ultraschallkontrolle behandelt. Die Elastografie und Szintigrafie wurde vor und nach Mikrowellenablation durchgeführt. Für die Elastografie wurde ein farbcodierter Elastizitätsscore eingeführt (ES). Schilddrüsenknoten hoher Elastizität mit blauer Farbkodierung wurden als ES1 definiert, über ES2 und ES3 mit entsprechend geringerer Elastizität bis zu ES4 für Knoten mit sehr niedriger Elastizität und roter Farbcodierung. Die Szintigrafie erfolgte unter Anwendung von 99m Tc-Pertechnetat zur Darstellung heißer und indifferenter Schilddrüsenknoten, sowie unter Einsatz von 99m Tc-MIBI bei kalten Knoten. Ergebnisse: Die Elastografie zeigte vor Ablation einen medianen Elastizitätsscore aller Schilddrüsenknoten von ES 2 ± 0,7. Durch die Ablation ergab sich eine Erhöhung des Scores (um 1ES± 0,6 (p < 0,01)). Der mediane ES aller Knoten lag nach Mikrowellenablation bei 3ES± 0,6. Szintigrafisch zeigte sich eine mediane Reduktion der Aufnahme im abladierten Gewebe um 38,7 %± 27,5(p < 0,01). Für die Schilddrüsenknoten, die mit 99m Tc-Pertechnetat dargestellt wurden, ergab sich ein medianer Rückgang der Aufnahme von 26,3 %± 16,3, bei 99m Tc-MIBI eine Reduktion der Aufnahme abladierter Knoten um 54,7 %± 29,2. Schlussfolgerung: Die szintigrafische Darstellung mit 99m Tc-Pertechnetat und 99m Tc-MIBI ist eine vielversprechende Methode zur Nachsorge nach Mikrowellenablation und bietet quantifizierbare Ergebnisse. Elastografie kann Gewebsveränderungen nach Ablation detektieren, ist jedoch weniger präzise aufgrund der notwendigen Reduktion der Bildgebung auf einzelne Elastizitätsscores.
Introduction ! Thyroid nodules can be found in a very high percentage of patients [1] . In some cases remaining completely asymptomatic, thyroid nodules might also cause symptoms such as hoarseness, dyspnea or foreign body sensations. In some circumstances they do not remain benign but have the potential of malignant transformation [2] . Besides surgical intervention and radioiodine therapy, there are several options in treating these thyroid nodules in order to reduce their volume. Particularly in the last decade, some innovations and novelties in the treatment of thyroid nodules were developed. Promising results were described using minimally invasive therapy approaches such as radiofrequency ablation [3] or microwave ablation [4 -7] to reduce thyroid nodule volumes. Microwave ablation is a very recent development in treating benign thyroid nodules, but it has also gained an important role in treating pathologies of other parenchyma. The first encouraging results of microwave ablation treatments have been reported in the therapy of hepatocellular carcinoma [8] . Microwave ablation offers several advantages in comparison to other ablation techniques: shorter ablation time, it is able to generate larger ablation zones and it is less susceptible to heat sink effects [9] . The underlying principle of microwave ablation is the thermal heating of tissue via agitation of water molecules using electromagnetic microwaves [10] . While scintigraphic imaging is well established in the assessment of the consistency of thyroid nodules [11] , elastography is a more recent diagnostic tool and its efficacy as a sole diagnostic method for detecting thyroid pathologies and malignancies is controversially discussed [12] . Quasi-static [13] ultrasound elastography is a new technique measuring tissue stiffness by detecting tissue distortion under manual compression [14] . Studies on liver tissue in a porcine model using radiofrequency ablation (RFA) as a thermal ablation method detected that elastographic tests show a decreased tissue elasticity following ablation [15] . Other studies on RFA in in vivo porcine liver tissue showed that elastography is superior to B-mode ultrasound since it is less susceptible to artifacts [16] . In comparison to the results of gross specimen evaluation, elastography slightly underestimates the size of the ablation zone [17] . Evaluating the result of thermal ablation procedures using scintigraphic imaging and elastography as a diagnostic follow-up is a novel approach. There were no studies yet reported on elastography and scintigraphic imaging after microwave ablation of thyroid nodules. Considering that microwave ablation has an influence on tissue characteristics, these transformations ought to be detected using elastography and scintigraphic imaging as two different imaging methods. The aim of this study was to elucidate observable al-terations of thyroid tissue after microwave ablation via strain elastography and scintigraphic imaging and to evaluate the feasibility of these diagnostics for the follow-up of microwave ablated thyroid nodules.
Materials and Methods

!
Patients 35 patients (18 male, 17 female, age range 29 -81 years) with 39 thyroid nodules were included in this study and underwent microwave ablation. The inclusion criteria were: (a) symptomatic thyroid nodules or cosmetic concerns, (b) contraindication for surgical intervention or patient's preference, (c) nodules detected as "cold" by scintigraphic imaging. The exclusion criteria were: (a) asymptomatic nodules, (b) retrosternal location and excessive nodule volume, (c) nodules highly suspicious or proven to be malignant, (d) vicinity of critical structures such as blood vessels, nerves, esophagus or trachea. Written informed consent was obtained from all patients. The local ethics committee approved the study protocol.
Pre-assessment
All nodules were pre-evaluated using laboratory tests, B-mode ultrasound (Sonix Touch Ultrasound system, Ultrasonix Medical Corporation, Richmond, Canada), elastography, scintigraphic imaging and fine-needle aspiration cytology to exclude patients with malignant thyroid nodules. Strain elastography was performed using the elastography imaging software of the Sonix Touch Ultrasound system (Ultrasonix Medical Corporation, Richmond, Canada) and a linear transducer. Prior to microwave ablation, all patients underwent elastography. A color-coded ultrasound elastography output was used. Color ranges were then classified as elasticity scores (ES) [18] . Nodules with high elasticity (color-coded as blue) were classified as ES1, predominantly soft nodules with mixed elasticity as ES2, predominantly hard nodules with mixed elasticity as ES3 and nodules with low elasticity as ES4. The elastosongraphic ultrasound system provided a compression feedback chart to control the amount of manual compression in real-time and enabled reproducible conditions. Scintigraphic imaging was performed using two different types of tracers, 99 m Tc-pertechnetate and 99 m Tc-MIBI. All patients underwent 99 m Tc-pertechnetate imaging prior to microwave ablation and nodules were then classified as "cold" (reduced tracer uptake), "indifferent" (neutral tracer uptake) and "hot" (increased tracer uptake) with respect to the 99 m Tc-pertechnetate uptake compared to the surrounding thyroid tissue. ▶ Elastography provides less precise diagnostic information after ablation than scintigraphy. Thyroid nodules classified as cold were subjected to fine-needle aspiration cytology in order to exclude cold nodules of malignant pathology. Additionally, cold nodules then gained scintigraphic 99 m Tc-MIBI imaging prior to and after microwave ablation. 99 m Tc-MIBI is expected to detect malignant thyroid nodules with high sensitivity [19] . In thyroid nodules, previously diagnosed as "indifferent" or "hot", 99 m Tc-pertechnetate imaging was used for scintigraphic imaging after microwave ablation. Scintigraphic imaging scans were taken 20 minutes after intravenous injection of a dose of 75 MBq of 99 m Tc-pertechnetate. In cases of scintigraphic imaging using MIBI, the dosage and time were 500 MBq and 10 and 60 minutes, respectively. Scintigraphic images were recorded using a gamma camera (Mediso Ketronic Nucline ® TH/22, Mediso GmbH, Medical Imaging Systems, Münster, Germany; Software InterView XP121) equipped with a LETH collimator. In total, 27 thyroid nodules were classified as "cold"; 11 as "indifferent" and a single nodule in one patient was detected as "hot", according to the pertechnetate scan.
Microwave ablation procedure
For microwave ablation, patients were placed in a supine position with a hyper-extended neck. Microwave ablation procedures were all performed by the same operator under ultrasound guidance (Sonix Touch Ultrasound system; Ultrasonix Medical Corporation, Richmond, Canada). The puncture site was anesthetized by injecting Scandicain (1 %) subcutaneously prior to the procedure. If thyroid nodules showed cystic components, fluid was aspirated prior to microwave ablation. The skin was then incised and the probe was positioned under ultrasound guidance using a preferential transisthmic access to spare critical structures [20] . In exceptional cases of adverse conditions, craniocaudal access was chosen as an alternative. If more than one symptomatic nodule was found in one patient, nodules were ablated consecutively during the same procedure. The microwave ablation system used in the present study (Avecure MWG881, MedWaves Incorporated, San Diego, CA, USA) generates frequencies of 902 -928 MHz and maximum temperatures of 140°C. The ablation time, wattage and temperature were adapted individually for each patient due to ultrasound findings. Probes with different diameters (14 to 16 gauge with respect to nodule size) with an uncooled tip and integrated temperature sensor were used. The temperature was monitored continuously in order to prevent the temperature from reaching over 90°or under 60°C. The wattage output was individually adapted from 24 to 32 W. During the ablation process real-time ultrasound was sustained until the end of microwave ablation to assure accurate positioning of the microwave ablation probe. Frequent communication between the patient and operator enabled constant monitoring of voice changes in order to prevent nerve palsies. Post-assessment Elastography was performed immediately after microwave ablation. Laboratory tests were examined 24 hours post procedure. Scintigraphic imaging was performed the day after microwave ablation. B-mode ultrasound examination of the nodule was repeated one day after microwave ablation to detect potential complications.
Statistical analysis
Elastographic and scintigraphic results were carried out using the "BIAS", software version 10.04 (epsilon Verlag, 1989 -2013 Hochheim, Darmstadt, Germany). Wilcoxon's matched pairs test was performed to compare scintigraphic measurements before and after microwave ablation. Elastographic results were tested using Wilcoxon's matched pairs test. Statistical significance was indicated with p-values of less than 0.05. Descriptive statistical analyses are given as median ± standard deviation.
Results
!
Elastography
Before microwave ablation, 3 thyroid nodules were assigned to ES1 by strain elastography, 17 nodules to ES2, 16 nodules to ES3, 3 nodules to ES4 ( • " Table 1 ). The median elasticity score prior to ablation procedure was ES 2 ± 0.7. After microwave ablation the median ES was 3 ± 0.6. No more thyroid nodules were classified as ES1, 3 nodules were classified as ES2, 17 were classified as ES3 and 19 nodules could be classified as ES4. Overall, 32 of 39 thyroid nodules showed an increased elasticity score by one or two units. The median decrease in elasticity referring to all nodules was ES 1 ± 0.6 (p < 0.01).
Scintigraphic imaging
The results of pre and post ablation scintigraphic imaging of the ablated area were evaluated and analyzed. A median decline of 38.7 %± 27.5 (p < 0.01) in tracer uptake was found in ablated thyroid tissue. In ablated cold nodules a median reduction of uptake by 54.7 %± 29.9 was observed, in indifferent nodules by 31.5 %± 16.2 and in the single hot nodule tracer uptake reduced by 38.1 % ( • " Table 1) .
With respect to the used tracers, 99 m Tc-MIBI scans showed a median reduction of uptake in ablated thyroid nodules of 54.7 % ± 29.2 and in 99 m Tc-pertechnetate scans the median tracer uptake in the ablated area was reduced by 26.3 %± 16.3.
Discussion
!
Due to the very recent development of microwave ablation as a minimally invasive procedure for reducing the volume of thyroid nodules, studies on the thermal effects on treated tissue are still rather scarce. A study by Zhou et al. [21] compared the effect of microwave ablation on different parenchyma ex vivo in a porcine model and showed that the size of the ablation zone does not vary much between muscle, liver and adipose tissue. There have neither been studies performed on the impact of microwave ablation on thyroid tissue at the molecular level nor on the histopathologic alterations on thyroid parenchyma after microwave ablation, so it can only be presumed that the effects of microwave ablation on thyroid tissue might be comparable to those of other parenchyma. Scintigraphic imaging is an important diagnostic tool in the characterization of thyroid pathology. Etzel et al. stated in a previous study that scintigraphic imaging could not be replaced by elastography with respect to the accuracy of diagnosing thyroid pathologies [18] . In the past, technical innovations in other diagnostic tools have not been able to displace the importance of scintigraphic imaging in thyroid diagnostics [11] . In the present study two different types of tracers were used, 99 m Tc-pertechnetate and 99 m Tc-MIBI. As a substrate of the sodium iodide symporter [22] in thyroid cells, the tracer 99 m Tc-pertechnetate is taken up into iodine storing cells of the thyroid gland. The scintigraphic findings of the present study show a re- duction of tracer uptake in thyroid tissue volume after microwave ablation. This can be explained by the effect of microwave ablation as a thermal treatment. Due to thermal heating of the ablated tissue, iodine storing and hormone-producing thyroid tissue is destroyed. In the case of 99 m Tc-pertechnetate, "indifferent" or "hot" thyroid nodules, comprising intact iodine storing cells, are destroyed and subsequently scintigraphic imaging shows reduced tracer uptake in ablated tissue. Comparable results have been described in a number of cases by a study by Baek et al. [23] after radiofrequency ablation. Since "cold nodules" do not show any uptake of 99 m Tc-pertechnetate, 99 m Tc-MIBI has to be used as an alternative tracer to provide a comparison of uptake in "cold" nodules prior to and after microwave ablation. Previous studies have demonstrated the high potential of MIBI in detecting malignant thyroid nodules with high sensitivity, especially when combined with fine-needle aspiration cytology [24] . However, the uptake of 99 m Tc-MIBI is not only present in nodules of suspected malignancy, but also in benign cold nodules. The diagnostic interpretation of malignant potential mainly refers to the observable time periods of 99 m Tc-MIBI uptake, retention and washout [25] . Its uptake and accumulation are assumed to be associated with the presence of intact mitochondria [26] . The accumulation of 99 m Tc-MIBI is dependent on specific mitochondrial membrane potentials; necrosis destroys these mitochondrial membrane potentials and therefore reduces accumulation [27] . Microwave ablation creates such necrotic tissue in the ablated areas. This explains why 99 m Tc-MIBI uptake is reduced after microwave ablation ( • " Fig. 1) , giving rise to a quantifiable measurement even in cold nodules after treatment. Since scintigraphic imaging can provide high resolution imaging, the comparison of before and after scans can provide numeric analysis and a percentage reduction of tracer uptake in tissue. Hence, it allows the drawing of conclusions on the volume of necrotic tissue evoked by microwave ablation. Elastography is a newly developed technique featured by many ultrasound systems and was appraised enthusiastically as a new method for the diagnostic evaluation of thyroid nodules. However, does the method achieve the required accuracy? Van Vledder et al. [16] described elastography as a reasonable monitoring method after radiofrequency ablation on hepatic tissue, assuming that the thermal ablation procedure will lead to elevated tissue stiffness due to protein denaturation and dehydration. A study by DeWall et al. [28] also suggests evaporation of free water as an explanation for the observed reduction of tissue elasticity. Another study by Varghese et al. [29] compared the results of histopathology and elastography in size and found a high correlation. Despite these convincing correlations, in some cases elastography seems to slightly underestimate the size of the ablation zone [17] , which increases the risk of incomplete ablation and subsequent recurrence. Nevertheless, none of the previously mentioned studies used microwave ablation but rather other ablation methods. Strain elastography as a color-coded imaging method provides hardly quantifiable results. The necessary reduction of results to a single elasticity score for each nodule leads to imprecise diagnostics. In most of our studied cases (32 nodules out of 39 nodules), the elasticity score was elevated by one or two units in the score after microwave ablation, suggesting an increase in tissue stiffness in the ablated region ( • " Fig. 2) . Six nodules showed no difference in elasticity score after microwave ablation. In con-trast, scintigraphic imaging detected a clear reduction of tracer uptake in the ablated zone also of these six nodules, which leads to the assumption that scintigraphic imaging provides superior sensitivity in detecting alterations of thyroid tissue following microwave ablation. In the present study elastography was performed using a strain elastography system based on manual compression. Although a real-time feedback chart allowed constant monitoring of the intensity of the applied manual compression, minor variations in force application are difficult to recognize but might negatively affect the results in correct imaging. Improvements in elastographic imaging, particularly with respect to unbiased and reliable quantitative measurements, are of utmost importance. Although shear wave elastography and other novelties might provide a promising perspective, at present the commonly applied elastography systems do not seem to be technically mature and reliable enough to justify the use of elastography as a sole diagnostic method in detecting thyroid lesions of malignancy and should therefore be considered with suspicion [30] . It remains to be seen whether any future technical developments will make elastography more applicable and the extent to which its reliability and diagnostic significance might develop. Therefore, it can be suggested that scintigraphic imaging, which provides a more differentiated diagnostic tool for the tissue alteration following microwave ablation, is currently the method of choice.
In the present study functional imaging was assessed to detect early-stage postablative effects. These effects are most likely to occur on molecular and not structural levels. Tracer uptake is based on molecular processes, as described by Kogai et al. [22] and Arbab et al. [26] , and may display necrosis even before struc- tural alterations happen. Therefore, it makes even early-stage evaluation feasible. Elastography and other ultrasound-based technologies, such as conventional B-mode sonography, may not reflect these molecular-based alterations but rather detect structural alterations of ablated tissue. Correa-Gallego et al. [31] and Pareek et al. [32] showed that ultrasound and elastography, as a technique based on ultrasound, tend to underestimate the size of ablated areas. Zhou et al. [33] found that B-mode ultrasound is not capable of reflecting the proper shape of thermal lesions.
To verify that the observed size of ablation in functional imaging correlates with the real necrotic area, histopathology and gross specimen examination of the thyroid parenchyma would be needed. The present study is limited by a small sample size and short follow-up times. Future studies including longer follow-up periods will show the extent to which treated tissue develops over time after microwave ablation.
Conclusion
!
In order to achieve the most accurate diagnostic results for follow-up diagnostics after microwave ablation, scintigraphic imaging is a promising and superior diagnostic method, as it provides quantifiable results indicated by the reduction of tracer uptake in thyroid tissue. Further research will be necessary to decide whether scintigraphic imaging might be used as a sole method for follow-up or should be combined with other diagnostic indicators. In this study it was observed that strain elastography using color-coded imaging is able to detect an increase in tissue stiffness in ablated thyroid tissue. However, the given technical abilities limit its utility in supplying reliable and quantifiable results at present. In contrast to the measurement of tissue stiffness in elastography, which might be altered for very different reasons, scintigraphic diagnostics are based on the evaluation of cell integrity expressed in terms of tracer uptake in iodine storing cells or in cells providing intact mitochondrial membrane potentials.
Clinical relevance
▶ Scintigraphic imaging is a promising diagnostic option for the evaluation of treatment success.
▶ Strain elastography detects tissue alterations but its accuracy is limited.
▶ Microwave ablation induces a reduction of tracer uptake in ablated thyroid nodules.
▶ Tissue elasticity is decreased in ablated thyroid nodules after microwave ablation.
